Bench and pilot scale experiments were conducted to investigate and compare the preoxidation effects of potassium permanganate (KMnO 4 ) and ozone (O 3 ) for odor removal in drinking water. The effects of dosage, contact time, pH, as well as couple treatment with a granular activated carbon (GAC) filter were examined using bench experiments, while the effects of KMnO 4 dosing points and a preozonation coupled process were investigated in pilot scale tests. Results revealed that both preoxidants at appropriate dosage worked well for odor removal because of the strong oxidizing ability and the intermediates generated in the process. The preozonation rate of O 3 was much faster than that of KMnO 4 . Preoxidation by KMnO 4 was largely affected by pH because of the amount of hydrated manganese dioxide generated, which contributed to the adsorption of odorants. Pilot scale tests were highly synchronous with results of bench scale tests.
INTRODUCTION
Quality aspects become the primary concern for drinking water treatment when water quantity problems have been solved (Bruchet & Duguet ) . The key issues in drinking water treatment are not only the removal of toxic pollutants, but also the removal of odorants (Tobien et al. ) . Thus, the treatment and control of odor have increased in priority because odorants have long been related to the quality and safety of drinking water (Antonopoulou et al. ) . Several classes of compounds have been reported to be responsible for odor: for example, sulfides, dicyclopentadiene and analogues, and disinfection byproducts (DBPs) to name a few (Park et al. ) . However, it is a challenging task to target such low levels of specific compounds in a complex mixture which contains extremely low concentrations, Fortunately, the use of oxidants (chlorine, chlorine diox- followed by a filter were also investigated, aiming to add some applicable insights into odor removal in drinking water treatment.
MATERIALS AND METHODS

Raw water quality
The water targeted in the present study was from a drinking water source of a city in the south of China. Reports of raw water during experiments for both bench and pilot scale tests are shown in The low nutrient level in raw water explained the low concentration of algae counts (Chen et al. ) . The data collected over the study period without preoxidation illustrated that the change pattern of water turbidity after settling was inconsistent with that of the raw water threshold odor number (TON) and chroma.
Bench scale experiment
Batch experiments were conducted for both preozonation and KMnO 4 preoxidation. Certain amounts of preoxidants and/or coagulants were dosed into jars with a working volume of 1 L. After contacting under agitation using procedures described in Table 2 , a 70 cm height quartz sand filter cylinder (sand diameter of 0.7 to 1.1 mm, cylinder made of plastic with a diameter of 35 mm) was applied at a constant speed of 8 m h
À1
. Samples were collected after those procedures for further measurements and analysis.
When coupling with PAC post-treatment, 1 mg L À1 of KMnO 4 was added to 1 L raw water, immediately followed by various PAC dosage and adsorption for 30 min to investigate the effect of PAC dosage. Samples were taken after 40 mg L À1 polyaluminium chloride (PC) coagulation, settling, and filtration (procedures were given in Table 2) for TON measurement and analysis. To investigate the effect of coagulation time, 1 mg L À1 of KMnO 4 was used . The technological process for pilot experiments is given in Figure S1 .
The scales for treatment tanks or pools and experimental parameters are described in Table S1 . ( Figure S1 and Table S1 are available with the online version of this paper.)
For O 3 , the preozonation followed by conventional treatment and GAC filter processes were applied. The quality of charcoal activated carbon used in this study can be seen in Table S2 (available with the online version of this paper). Contact time was set as 8 min because of the adverse effect on GAC adsorption capacity (Fawzy et al. ) .
Coagulation time was 12 min, and superficial loading rate for settling was 7.5 m 3 ·(m 2 h). The filtration speed for sand and GAC was 9 m h À1 .
Analytical methods
Analysis of water quality parameters present in our study was carried out according to Standard Methods ().
The measurements of TON, turbidity, chroma, etc. were carried out at room temperature of 25 W C. All experiments were conducted in triplicate and the deviation was controlled within 5%. The mean values were used for analysis.
RESULTS AND DISCUSSION
Bench scale experiment
Effect of dosage
Odor removal performance by varying the preoxidant dosage in the bench scale experiment is presented in , though a slight increase of 3.4% in removal rate could be achieved by doubling (Tobien et al. ) . The discrepancy between our study and previous ones could be due to the raw water quality differences, such as initial TON and other odorproducing materials (algae, nutrients and so on). Figure 1 shows the effect of contact time on odor removal by both KMnO 4 (Figure 1(a) ) and O 3 (Figure 1(b) ). Although both preoxidants exhibited excellent capacity for odorants removal, there still were distinct differences between them.
Effect of contact time
Odorants were removed quickly in the first 10 min with KMnO 4 preoxidation, and were stable at 1 h. The removal rates at 10 and 30 min were 77.8 and 83.3%, respectively. which was slow and selective, and indirect oxidation by ·OH (R reaction, pH > 8), which was fast and adaptable (Antonopoulou et al. ) . According to the raw water quality and oxidation process (Figure 1(b) ), the preozonation process in our study was mainly dominated by the D reaction, which was still much faster than that of KMnO 4 . Figure 2 illustrates the effect of various pH (7.0-8.5) on odor removal and amount of HMD generation. It is obvious that odor removal rate was positively correlated with generated HMD. HMD reached its peak (0.4 mg L
Effect of pH
À1
) at a pH of 7.5, when the odor removal rate was 87.5. Higher or lower pH resulted in a decrease of removal efficiency as well as the amount of HMD. It is concluded that raw water with pH around 7.5 was more favorable to preoxidation by KMnO 4 , which contributed to HMD production and odor removal.
Intermediates generated in the process of KMnO4 oxidation varied with different pH, among which the HMD was most effective in odor removal (Bokare & Choi ) .
The amount of HMD generated at pH about 7.5 was the largest, corresponding to the highest odor removal rate, which was in accordance with the previous study (Adcock et al.
).
Coupling with PAC filter
Preoxidation by KMnO 4 helped to enhance the function of PAC for the oxidation of organic compounds; however, it brought about another problem that KMnO 4 itself is dense purple in color, thus increasing the effluent chroma and demanding further treatment for chroma removal. Herein, we coupled KMnO 4 preoxidation with PAC filter, aiming to solve this problem.
It is obvious that odor removal efficiencies by adding
KMnO 4 exceeded those without KMnO 4 (Figure 3(a) ).
Although residual TON with/without KMnO 4 dosage decreased with the increasing dosage of PAC (83.3-89.1%
and 75.0-87.5%, respectively), the discrepancy between them tended to reduce (from 8.3 to 1.6% at dosage 1-2.5 mg L À1 ).
Effect of coagulation time on turbidity and TON can be seen in Figure 3 (b). The figure illustrates that for a coagulation time of 3 min, the odor removal rate increased to 88.3% at the same coagulant dosage; however, both longer and shorter times led to the decrease of removal efficiency.
Turbidity after settling increased with time (0.89-1.43 NTU), 
